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(54) Radiation-generating devices utilizing multiple plasma-discharge sources and 
microlithography apparatus and methods utilizing the same 

(57) Radiation-generating devices are disclosed 
that are suitable for use in a microlilhography apparatus. 
The devices utilize multiple plasma-discharge radiation 
sources (e.g., capillary discharge X-ray sources) and 
produce a high output with a high repeat frequency while 
minimizing the thermal loads to which the individual ra- 
diation sources are subjected. In one embodiment, mul- 
tiple radiation sources (discharge units) are coupled to 
a movable substrate, such as a rotary plate. The mov- 
able substrate can be controlled such that a selected 
one of the multiple discharge units can be moved into a 
discharge position and aligned along a discharge axis. 
The device may also include a prelimi nary-ion ization 
source facing the discharge axis. Alternatively, multiple 
prelim inary4on ization sources may be coupled to the 
movable substrate such that a selected one of the pre- 
liminary ionization sources energizes the target gas in 
the selected discharge unit. 
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Description 
Fieid 

[0001] This disclosure pertains to microlithography 
(projection-transfer of a pattern, defined on a reticle, on- 
to a suitable substrate) and related technologies. Micro- 
lithography is a key technology used in the manufacture 
of microelectronic devices such as integrated circuits, 
magnetic-recording heads, displays, and microma- 
chines. More specifically, the disclosure pertains to ra- 
diation sources that generate, for example, X-ray radi- 
ation and may be used in an X-ray microlithography ap- 
paratus, an X-ray microscope, an X-ray analysis device, 
or the like. 

Background 

[0002] A plasma-discharge X-ray source generates 
X-ray radiation by positioning a target gas between two 
electrodes and subjecting the material to a high-current 
electric discharge. The inter-electrode electric dis- 
charge creates a plasma from the target gas that even- 
tually becomes sufficiently energized to produce X-ray 
radiation. Plasma-discharge X-ray sources are small, 
produce a large X-ray flux, convert input electrical en- 
ergy into X-rays at a high efficiency, and are inexpen- 
sive. 

[0003] Several types of plasma-discharge X-ray 
sources are known, including Z-pinch plasma X-ray 
sources, capillary discharge X-ray sources, and plas- 
ma-focus X-ray sources. These plasma-discharge X- 
ray sources all generate hot plasma from the target gas 
by generating a large current flow between electrodes. 
The large current flowing through the generated plasma 
also flows through the electrodes, causing an increase 
in the temperature of the electrodes. The plasma gen- 
erated in the vicinity of the electrodes also contributes 
to the heating of the electrodes. The increase in elec- 
trode temperature is especially pronounced in situations 
where the repeat frequency of the source is high. Addi- 
tionally, for plasma-discharge X-ray sources that gener- 
ate wavelengths in the soft X-ray region, the source is 
typically enclosed in a vacuum chamber having a re- 
duced atmospheric pressure in order to minimize the ab- 
sorption of the emitted X-rays by the gas surrounding 
the plasma. This arrangement prevents the heat of the 
electrodes from being dissipated by convection or ther- 
mal conduction. The repeated heating of the electrodes 
without a sufficient cooling mechanism presents a sig- 
nificant problem and may ultimately lead to the melting 
of the electrodes. 

[0004] Plasma-discharge X-ray sources are com- 
monly utilized in X-ray steppers. The reflectivity of the 
multilayer-film mirrors used in the optical elements of 
the X-ray steppers, however, is relatively low {e.g., 
around 70%). Thus, a high-output X-ray source must be 
used. For example, for an X-ray stepper using an X-ray 



beam having a wavelength of 13.4 ± 0.3 nm, an X-ray 
beam having a power of 50-1 SOW is required. In order 
to increase the power of the X-ray beam generated from 
a plasma-discharge X-ray source, the source must have 

5 a high repeat frequency. Further, a high repeat frequen- 
cy (e.g., 1 -1 0 KHz) may be necessary for X-ray steppers 
that operate in a scanning motion while illuminating the 
reticle. This scanning motion can be used to ensure the 
uniformity of the exposure dose across the illumination 

io region. 

[0005] Conventional plasma-discharge X-ray genera- 
tors utilize only one discharge unit (i.e., a single pair of 
discharge electrodes) and cannot produce such high 
output with the required degree of repeatability without 
*5 melting the electrodes. As a result, conventional X-ray 
sources are not practical for many of the microlithogra- 
phy applications discussed above. 
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Summary 



[0006] In view of the shortcomings of the prior art as 
summarized above, the present disclosure provides, in- 
ter alia, radiation-generating devices exhibiting, com- 
pared to conventional generators, both a high output 
25 and a high repeat frequency. The devices also minimize 
the thermal load to which the plasma-discharge sources 
used in the device are subjected. In general, the devices 
utilize multiple plasma-discharge sources (discharge 
units) that are controllable and can be moved into one 
30 or more discharge positions. Upon being positioned in 
the discharge position, the selected discharge unit may 
be energized and emit radiation. By utilizing multiple dis- 
charge units, the emission frequency from such a device 
can be increased without increasing the repeat frequen- 
ts cy of any individual discharge unit, thereby minimizing 
the load that is applied to the electrodes of an individual 
discharge unit. The devices are suitable for use in, 
among other things, microlithography exposure appara- 
tus. The discharge units may be configured to emit X- 
40 ray radiation or other types of radiation. 

[0007] According to a first aspect of the invention, 
multiple discharge units coupled to a movable substrate 
are provided. In an embodiment, the discharge units in- 
clude first and second electrodes situated relative to 
45 each other such that an electrical current applied across 
the electrodes forms a plasma from a target gas posi- 
tioned between the electrodes and causes the plasma 
to emit radiation. The movable substrate can be control- 
led such that a selected one of the multiple discharge 
so units can be moved into a discharge position and 
aligned along a discharge axis. The device may also in- 
clude a synchronization mechanism configured to con- 
trol the timing with which the current is applied to the 
multiple discharge units so that the current is applied 
55 only to the selected discharge unit. 

[0008] The device may also include a preliminary-ion- 
ization source facing the discharge axis. The prelimi- 
nary-ion ization source is configured to energize the tar- 
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get matter in the selected discharge unit. Alternatively, 
multiple preliminary-ionization sources may be coupled 
to the movable substrate and situated relative to the se- 
lected discharge unit such that a selected one of the pre- 
liminary-ionization sources energizes the target gas in 5 
the selected discharge unit. The selected preliminary- 
ionization source may be configured to provide prelimi- 
nary ionization for multiple discharge units on the mov- 
able substrate. A discharge circuit may also be provided 
that is connected to the electrodes and preliminary-ion- 10 
ization source(s) and that is configured to delay the de- 
livery of the discharge current to the electrodes of the 
selected discharge unit until after the preliminary-ioni- 
zation source has been energized. 

[0009] A second aspect of the invention is similar to 15 
the first except that multiple movable substrates are pro- 
vided to which one or more discharge units are coupled. 
The movable substrates can be controlled such that a 
selected one of the multiple discharge units can be 
moved into a discharge position. 20 
[0010] A third aspect of the invention is also similar to 
the first, except that the movable substrate to which the 
multiple discharge units are coupled is a rotary plate. 
The rotary plate can be controlled such that a selected 
one of the discharge units can be rotated into a dis- 25 
charge position . The rotary plate allows the selected dis- 
charge unit to be quickly moved into the discharge po- 
sition. The rotary plate may define a hollow interior that 
is flu idly connected to two rotary axes coupled to the 
rotary plate and configured to transport a fluid, such as 30 
a coolant. A pump and a heat exchanger may also be 
flu idly connected with the rotary axes. The fluid can be 
circulated through the rotary axes, the rotary plate, and 
the heat exchanger, thereby cooling the discharge units. 
The cooling mechanism further minimizes deterioration 35 
of the discharge units. A flow-straightener may also be 
provided inside the hollow interior of the rotary plate. 
The flow-straightener desirably has a vane configura- 
tion suitable for directing the circulating fluid toward the 
radial ends of the rotary plate where the discharge units *o 
are located. The rotary plate may also be positioned 
within a cover encompassing the plate. The cover may 
include a gas inlet for introducing the target gas used to 
fill the discharge units. In one embodiment, the dis- 
charge position of the device may be a discharge area 45 
larger than a single position. The selected discharge unit 
may then emit radiation in a scanning motion across the 
discharge area. In another embodiment, multiple dis- 
charge positions may be provided. The discharge units 
may then be configured to discharge radiation simulta- so 
neously from multiple discharge units positioned in the 
multiple discharge positions. 

[0011] In a fourth aspect of the invention, microlithog- 
raphy apparatus utilizing any of the devices or embodi- 
ments described above are provided. 55 
[0012] In a fifth aspect of the invention, microelectron- 
ic devices manufactured by an apparatus using any of 
the devices of embodiments described above are pro- 



vided. 

[0013] In a sixth aspect of the invention, methods for 
operating the devices described in the above embodi- 
ments are provided. 

[0014] The foregoing and additional features and ad- 
vantages of the invention will be more readily apparent 
from the following detailed description, which proceeds 
with reference to the accompanying drawings. 

Brief Description of the Drawings 

[0015] 

FIG. 1 (A) is an oblique view schematically showing 
an X-ray generator according to a first embodiment. 
FIG. 1 (B) is a cross-sectional view showing in great- 
er detail the discharge unit of the X-ray generator 
shown in FIG. 1(A). 

FIG. 2 is a cross-sectional view schematically 

showing the overall structure of an X-ray generator 

according to a second embodiment. 

FIG. 3(A) is a front view of a rotary plate located 

within the X-ray generator shown in FIG. 2. 

FIG. 3(B) is a lateral cross-sectional view showing 

an exemplary capillary of a discharge unit attached 

to the rotary plate shown in FIG. 3(A). 

FIG. 4(A) is a cross -sectional view schematically 

showing the overall structure of an X-ray generator 

according to a third embodiment. 

FIG. 4(B) is a cross-sectional front view of a rotary 

plate used in the X-ray generator shown in FIG. 4 

(A). 

FIG. 5 is a circuit diagram for a main discharge cir- 
cuit that may be used with the second and third rep- 
resentative embodiments. 

FIG. 6(A) is cross -sectional view schematically 
showing a discharge unit and capacitor mounted 
onto a rotary plate in accordance with a fourth rep- 
resentative embodiment. 

FIG. 6(B) is a front view of the rotary plate on which 
the discharge units and capacitors shown in FIG. 6 
(A) are mounted. 

FIG. 7(A) is a circuit diagram for a main discharge 
circuit having separate capacitors for each dis- 
charge unit wherein spark discharges are used for 
the preliminary-ionization source. 
FIG. 7(B) is a circuit diagram for a main discharge 
circuit having separate capacitors for each dis- 
charge unit, wherein corona discharges are used 
for the preliminary-ionization source. 
FIG. 8 Is a front view of a rotary plate according to 
a fifth embodiment. 

FIG. 9 is a cross-sectional view schematically 
showing an X-ray stepper according to a sixth em- 
bodiment. 

FIG. 10(A) is a cross-sectional view schematically 
showing the overall structure of an X-ray generator 
according to a seventh embodiment. 



3 



5 



EP 1 298 965 A2 



6 



FIG. 1 0(B) is a front view of a rotary plate used in 
the X-ray generator shown in FIG. 1 0(A). 
FIG. 1 0(C) is a front view of a rotary screen used in 
the X-ray generator shown in FIG. 10(A). 
FIG. 1 1 is a flowchart of steps in a process for man- 
ufacturing a microelectronic device, the process in- 
cluding performing microlithography using an X-ray 
generating device according to any of the disclosed 
embodiments. 

Detailed Description 

[0016] This invention is described below in connec- 
tion with representative embodiments that are not in- 
tended to be limiting in any way. The embodiments are 
described below as utilizing plasma-discharge sources 
(discharge units) that emit X-ray radiation. It will be un- 
derstood, however, that discharge units emitting other 
forms of radiation may be used. 

[0017] FIGS. 1 (A) and 1 (B) show an X-ray generator 
1 according to a first representative embodiment. The 
X-ray generator 1 comprises multiple discharge units 3. 
In the illustrated example, nine discharge units are 
shown, but it is understood that various other quantities 
of discharge units may be present. Each discharge unit 
3 is a hollow cathode-type unit. As illustrated in FIG. 1 
(B), the discharge unit 3 has a ring electrode 3a and a 
tube-shaped, guarded electrode 3c. The two electrodes 
3a and 3c are separated by an insulator tube 3b. By fill- 
ing the tube 3b with an appropriate target gas (e.g., xe- 
non gas) and subjecting the target gas to electric dis- 
charges produced between the electrodes 3a and 3c, 
plasma is produced that generates X-ray radiation. The 
discharge units 3 are disposed on a rectangular sub- 
strate 4. In the illustrated example, the nine discharge 
units are positioned in three columns with three dis- 
charge units per column. The substrate 4 is connected 
to a Y-axis stage 7. The Y-axis stage 7 is connected to 
an X-axis stage 5. The Y-axis stage 7 and X-axis stage 
5 are driven by respective stepping motors configured 
to move the stages across a fixed distance in the re- 
spective axial directions. In this manner, the discharge 
units 3 disposed on the substrate 4 may be moved a 
fixed distance along the X- and Y-axes. The cathode 
side of each discharge unit 3 {i.e., the guarded electrode 
3c) is electrically connected to the grounded substrate 
4. Correspondingly, the anode side of each discharge 
unit 3 (i.e., the ring electrode 3a) is connected to a re- 
spective cable 8. Each cable 8 is connected to a high- 
voltage power supply 11 via a switch 9. 
[001 8] During operation of the X-ray generator 1 , the 
X-axis stage 5 and/or the Y-axis stage 7 align a selected 
discharge unit 3 into a prescribed discharge position. 
Once the selected discharge unit 3 is placed in the pre- 
scribed discharge position, the switch 9 connects the se- 
lected discharge unit 3 to a high-voltage power supply 
1 1 , thereby delivering an electrical current to the select- 
ed discharge unit. The current creates an electric dis- 



charge between the electrodes of the selected dis- 
charge unit 3, thereby producing a plasma and causing 
the emission of X-ray radiation. The discharge unit may 
discharge multiple times (e.g., 10 cycles) in the dis- 

5 charge position over a relatively short period of time (e. 
g., 1 ms). After a prescribed amount of time, the switch 
9 is turned off and the discharge unit 3 is disconnected 
from the power supply 1 1 . The stages 5 and 7 then op- 
erate to align the next selected discharge unit 3 into the 

10 prescribed discharge position, or into another discharge 
position, and the process is repeated. This process is 
typically performed on all discharge units. It is under- 
stood that the order in which the discharge units are en- 
ergized can be set in any sequence. If the total number 

is 0 f discharge units is N and a prescribed number of total 
discharges is defined for the X-ray generator, then the 
repeat frequency of each individual discharge unit can 
be reduced by 1. Consequently, the thermal load on 
each discharge unit can be reduced, and the extent to 

20 which the electrodes of the discharge units deteriorate 
can be minimized. Thus, the discharge units can oper- 
ate at higher discharge currents and produce higher out- 
puts during X-ray emission. 

[0019] It is understood thatthe illustrated embodiment 

25 is not intended to be limiting in anyway and maybe mod- 
ified by one skilled in the art without departing from the 
principles of the disclosed technology. For example, the 
method of applying current to the electrodes of the dis- 
charge units may be performed in various ways. For in- 

30 stance, instead of using the switch 9 to energize a se- 
lected discharge unit, the X-ray generator may be con- 
figured such that preliminary ionization occurs only on 
discharge units located in certain discharge positions. 
In such a configuration, a preliminary- ionization source 

35 may be utilized and the anode electrodes of the dis- 
charge units can be wired together into a common con- 
nected state, thereby eliminating the need for the 
switches 9. Additionally, instead of coupling the multiple 
discharge units to a single movable stage, multiple sub- 

40 strates having one or more discharge units may be 
used. 

[0020] FIGS. 2, 3(A), and 3(B) show an X-ray gener- 
ator 95 according to a second representative embodi- 
ment. The X-ray generator 95 comprises multiple dis- 
charge units 97. As more fully discussed below, each of 
the discharge units 97 is a capillary-discharge X-ray 
source. As illustrated in FIG. 3(A), sixteen discharge 
units 97 are disposed on a circle concentric with a rotary 
plate 100. As shown in FIG. 2, the rotary plate 100 is a 

50 hollow body that comprises a first disc 1 03 and a second 
disc 104. The discs 103, 104 comprise respective flat 
disc-shaped plates positioned opposite of and parallel 
to one another. The discs 103, 104 are connected to 
each other by a "ring wall" (ring-shaped wall) 1 07, which 

55 extends perpendicularly from the outer periphery of the 
plates, thereby forming a hollow interior 1 00a. The discs 
103, 104 may be made of a conducting metal, such as 
copper. The ring wall 107 may be made of an insulating 
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material, such as ceramic, that electrically insulates the 
discs 1 03, 1 04 from one another. In one specific embod- 
iment, the discs 1 03, 1 04 are constructed of copper and 
the ring wall 107 is constructed of Al 2 0 3 . In another spe- 
cific embodiment, the discs 103 and 104 have an outer 
diameter of 1 50 mm and are separated by the ring wall 
107 at a distance of 15 mm. 

[0021] As shown in FIG. 3(A), an opening 100b is lo- 
cated in the center of each of the discs 103, 104. As 
shown in FIG. 2, hollow cylindrical rotary axes 105, 1 06 
are connected to the openings 1 00b of the respective 
discs such that the hollow interior 1 00a extends through 
the openings 1 00b and into the interior of the rotary axes 

105, 106. The rotary axes 105, 106 extend axially out- 
ward from the two discs 103, 104 and may be affixed 
onto the discs by either welding or uni-body molding, for 
example. A flow-straighten er 131 may be positioned 
within the hollow interior 1 00a of the rotary plate 1 00 
parallel to the discs 1 03, 1 04. The diameter of the flow- 
straightener 131 is smaller than that of the discs 103, 
104. The purpose and use of the flow-straightener 1 31 
are discussed below. 

[0022] As shown in FIG. 3(B), each of the discharge 
units 97 positioned on the rotary plate 100 comprises a 
hollow cylindrical capillary 101 . A ring anode 102a and 
a ring cathode 1 02c (together referred to as the "ring 
electrodes") are formed at the tips of the capillary 101 . 
Each capillary 101 has a fixed length, which extends 
through the hollow interior 1 00a of the rotary plate 100. 
The capillary 101 may be made of ceramic (e.g., SiC) 
and, in one embodiment, has an inner diameter of 2 mm, 
an outer diameter of 5 mm, and a length of 15 mm. The 
ring anode 102a may be electrically connected to the 
second disc 104, and the ring cathode 102c may be 
electrically connected to the first disc 1 03. The ring elec- 
trodes 102a, 102c may be made of molybdenum. 
[0023] As shown in FIG. 2, the rotary plate 1 00 is dis- 
posed inside a vacuum chamber 108. The rotary axis 

105 (shown in FIG. 2 as extending axially to the right 
from the disc 1 03) extends through a rotary bearing 1 1 1 
supported by a stand 112. The stand 112 supports the 
rotary axis 105. Similarly, the rotary axis 106 (shown in 
FIG. 2 as extending axially to the left from the disc 1 04) 
extends through a rotary bearing 113 supported by a 
stand 114. Thus, the stand 114 supports the rotary axis 

106. Thus, the stand 112 and the bearing 111 that sup- 
port the rotary axis 1 05 desirably are metallic structures 
(so as to be electrically conductive). Further, the stand 
112 is electrically connected with the vacuum chamber 
108, which is grounded or connected to the negative 
electrode of a high-voltage power supply 129. By con- 
trast, the stand 114 that supports the rotary axis 106 is 
desirably made of ceramic or other suitable rigid insula- 
tor material. 

[0024] The respective ends of the rotary axes 105, 

1 06 extend axially beyond the vacuum chamber 1 08. In 
the illustrated embodiment, the rotary axis 105 (shown 
in FIG. 2 as extending to the right from the disc 103) 



extends through a first magnetic-fluid-seal unit 109 lo- 
cated at an end of the vacuum chamber 1 08. The tip of 
the rotary axis 105 further extends through a second 
magnetic-fluid-seal unit 119 into a respective container 

s 117. The distal end of the rotary axis 1 05 is open such 
that the hollow interior 100a is in fluid communication 
with the interior of the container 117. By contrast, the 
rotary axis 106 (shown in FIG. 2 as extending to the left 
from the disc 1 04) extends through a first magnetic-fluid- 

10 seal unit 124 located at an opposite end of the vacuum 
chamber 108. The first magnetic-fluid-seal unit 124 is 
insulated from the vacuum chamber 1 08 by an insulat- 
ing material 110 disposed between the unit and the 
chamber. The distal end of the rotary axis 1 06 then ex- 

15 tends through a magnetic-fluid-seal unit 120 into a con- 
tainer 118. Similar to the tip of the rotary axis 105, the 
tip of the rotary axis 1 06 is open such that the hollow 
interior 100a is in fluid communication with the interior 
of a respective container 118. The second magnetic-flu- 

20 id-seal unit 120 is insulated from the container 118 by 
an insulating material 121 disposed between the unit 
and the container. The magnetic-fluid-seal units 1 09 and 
119, 124 and 120 support the respective rotary axes 
1 05, 106 while allowing the axes to freely rotate. Addi- 

25 tionalty, the magnetic-fluid-seal units 109 and 119, 124 
and 1 20 provide hermetic seals to the vacuum chamber 
1 08 and the containers 1 1 7 and 1 1 8. 
[0025] A motor 1 1 5 is attached to a portion of the ro- 
tary axis 1 05 between magnetic-fluid-seal units 1 09, 1 1 9 

30 via connecting drive coupler 128 (e.g., gears and/or 
belts). The motor 115 is configured to rotate the rotary 
axes 105, 106, thereby causing the rotary plate 100 to 
rotate around the center of the axes. By contrast, a por- 
tion of the rotary axis 106 between the magnetic-flu id- 

35 sea! units 120, 124 is placed in rotating contact with a 
contact shoe 11 6, which is coupled to a positive side of 
the high-voftage power source 129. In this configuration, 
the ring cathodes 1 02c of each of the capillaries 1 01 are 
grounded through the first disc 1 03, the rotary axis 1 05, 

^0 the rotary bearing 1 1 1 , the stand 1 1 2, and the vacuum 
chamber 1 08. On the other hand, the ring anodes 102a 
of each of the capillaries 1 01 are electrically connected 
to the second disc 1 04, the rotary axis 1 06, and the pos- 
itive side of the high-voltage power supply 129 through 

45 the contact shoe 116. Thus, a current is supplied to the 
ring anodes 102a from the power supply 129. The ring 
anodes 102a are electrically insulated, however, from 
the vacuum chamber 1 08 and the container 118. 
[0026] The containers 117, 118 are attached to the 

so distal ends of the rotary axes 1 05, 1 06 respectively. The 
containers 11 7, 1 1 8 are configured to store an insulating 
medium that may be used as a coolant (e.g., deionized 
water). The containers 1 1 7, 1 1 8 are in fluid communica- 
tion with one another via a pump 122 and a heat ex- 

55 changer 1 23. A coolant-circulation loop may be formed 
such that a fluid may flow through the elements of the 
X-ray generator 95 in the following order: (1 ) container 
118; (2) rotary axis 1 06; (3) hollow interior 1 00a of rotary 
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plate 1 00; (4) rotary axis 1 05; (5) container 1 1 7; (6) heat 
exchanger 123; and (7) pump 122. More specifically, 
whenever the pump 1 22 is turned on, the coolant in the 
container 118 is pumped into the interior of the rotary 
axis 106, through the hollow interior 100a of the rotary 
plate 100, through the interior of the other rotary axis 
1 05, and into the container 117. From the container 117, 
the coolant is pumped into the heat exchanger 123 for 
cooling. From the heat exchanger 123, the coolant is 
returned to the container 118 via the pump 122, where 
it can once again be circulated through the circulation 
loop. When entering the hollow interior 100a of the ro- 
tary plate 1 00, the coolant may strike the flow-straight- 
ener 131 disposed within the hollow interior 100a. The 
flow-straighten er 1 31 causes the coolant to flow radially 
outward toward the edges of the rotary plate 1 00 and 
around the capillaries 1 01 . Thus, the capillaries 1 01 dis- 
posed concentrically around the rotary plate 100 are 
cooled more effectively. 

[0027] The rotary plate 100 is covered with a cover 
1 30 inside the vacuum chamber 1 08. The cover 1 30 has 
a shape substantially similar to the rotary plate 1 00 and 
is sufficiently large to enclose the rotary plate 100. The 
cover 130 has two disc-shaped sides respectively posi- 
tioned parallel to and external of the respective discs 
1 03, 1 04. The sides of the cover 1 30 are connected by 
a radial edge, which extends perpendicularly from the 
sides. The cover 130 is attached to the side wall of the 
vacuum chamber 108. Each of the sides of the cover 
1 30 includes a centrally located opening from which the 
respective rotary axes 1 05, 1 06 extend axially outward. 
Each side of the cover 130 further defines a respective 
opening 133, 135, which are positioned along an X-ray 
discharge axis corresponding to the position of the ro- 
tary plate 1 00 from which the discharge units 97 emit X- 
ray radiation (the "discharge position"). A prelim inary- 
ionization source 125 is also aligned along the dis- 
charge axis and is attached to the opening 133. An X- 
ray-emission window is located on the wall of the vacu- 
um chamber 108 opposite the preliminary-ion ization 
source 125. The X-ray-emission window is aligned axi- 
ally with the openings 1 33 and 135 and the preliminary- 
ionization source 125. A filter 126 made of zirconium 
may be provided in the X-ray emission window. 
[0028] In one embodiment, spark electrodes are used 
in the preliminary-ion ization source 125. The prelimi- 
nary-ion ization source 125 may be synchronized with 
the motor 115 so that a spark discharge only occurs 
whenever the motor 115 moves a selected one of the 
discharge units 97 into the discharge position. The size 
of the openings 133 and 135 and the size of the X-ray 
emission window may be adjusted so that the UV and 
X-ray radiation produced by the spark discharges will 
not interact with any other discharge units. 
[0029] A portion of the radial edge of the cover 130 
defines an opening that is fluidly connected to a gas inlet 
127, which connects with a gas cylinder (not shown) 
containing the target gas (e.g., xenon gas). Thus, the 



target gas can flow from the gas cylinder, through the 
gas inlet 127, and into a space 132 defined by the cover 
130 between the cover and the rotary plate 100. Inside 
the space 132, the target gas can flow into the interior 
s of the cylindrical capillaries 101 . The gap between the 
rotary plate 100 and the opening 135 in the cover 130 
is typically small. Thus, the flow of target gas from the 
space 132 to the interior of the vacuum chamber 108 is 
restricted. Also, the vacuum pump (not shown) evacu- 
10 ating the vacuum chamber 1 08 has sufficient pumping 
capacity to maintain a desired vacuum level in the vac- 
uum chamber. Consequently, introducing the target gas 
into the space 1 32 does not substantially increase the 
pressure or density of the target gas in the vacuum con- 
'5 tainer 1 08. Thus, the absorption of X-rays by target gas 
located outside the space 132 in the interior of the vac- 
uum chamber 108 can be minimized. 
[0030] An illumination-optical system (not shown) and 
an illuminated object (not shown) may be disposed 
20 downstream of the filter 126 (to the left of the filter 1 26 
shown in FIG. 2). The filter 126, which may be made of 
zirconium, prevents the transmission of extraneous X- 
ray, visible, and UV radiation to the illuminated object. 
Additionally, the filter 126 may act as a pressure sepa- 
ls ration wall between the vacuum chamber 108 and an- 
other downstream vacuum chamber (e.g., a vacuum 
chamber housing the illumination-optical system). 
[0031] The X-ray generator 95 operates as follows. 
First, a target gas is introduced from the gas inlet 127 
30 into the space 1 32. The motor 1 1 5 is activated, moving 
one of the capillaries 101 into the discharge position 
where the respective axes of the capillary and the pre- 
liminary-ionization source 1 25 overlap. The preliminary- 
ionization source 125 is then activated and spark dis- 
ss charges that produce UV, deep-UV (DUV), and X-ray 
radiation are generated. The resulting beams irradiate 
the inner wall of the selected capillary 101, the target 
gas in the capillary 101, and the ring electrodes 102, 
thereby generating photoelectrons and ions, which 
^o cause an electric discharge to be triggered between the 
electrodes 102 of the capillary 101. The electric dis- 
charge produces a plasma, which generates X-ray ra- 
diation. The X-rays are directed through the opening 
135 and the filter 126. 
45 [0032] The motor 115 may be run continuously so that 
the rotary plate 1 00 is in constant motion. Thus, as one 
capillary finishes discharging, an adjacent capillary is 
moved to the discharge position where the preliminary- 
ionization procedure is repeated. In this manner, as sub- 
so sequent capillaries are rotated into position. X-rays are 
caused to be emitted from the capillaries 1 01 to produce 
a desired amount of X-rays. Meanwhile, the pump 122 
circulates coolant through the circulation loop described 
above, thereby cooling the capillaries 101 heated by the 
55 respective electric discharges occurring in them. 

[0033] In the illustrated embodiment, the target gas is 
introduced into the space 132 through a gas inlet 1 27 at 
the radial edge of the cover 130. Alternatively, the target 
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gas may be introduced into the space 132 through an 
opening in one of the disc-shaped sides of the cover 1 30 
{i.e., in a direction perpendicular to the rotary plate 1 00). 
The flow of the target gas into the space 132 may then 
be aligned with the capillaries 101 to promote the dis- 
charge of spent target gas from the capillaries. Thus, 
spent gases and any particles generated within the cap- 
illaries 101 by the plasma can be actively displaced by 
a supply of new target gas. The inner walls of the cap- 
illaries 101 can also be cooled by the new target gas 
supplied to the capillary. 

[0034] In the illustrated embodiment, a DC power sup- 
ply is used as the high-voltage power supply 129. Alter- 
natively, other power supplies may be used, such as 
pulse-recharging or resonant-recharging circuits. With 
a DC power supply, current is applied continuously to 
the electrodes 102. If an unexpected problem occurs, 
(e.g., electrical conduction due to fine metal particles 
suspended in the space 132) unwanted electric dis- 
charges may occur within capillaries not located in the 
discharge position or between the discs 1 03, 1 04 of the 
rotary plate 1 00. By using pulse-recharging or resonant- 
recharging circuits, however, the amount of time during 
which current is applied to the electrodes 1 02 is reduced 
and synchronized with the preliminary-ionization source 
125. In other words, the recharging circuit can be syn- 
chronized so that the voltage between the electrodes 
1 02 of the selected capillary 1 01 is at a maximum during 
the time when the capillary is in the discharge position 
and the preliminary-ionization source 125 is activated. 
[0035] In the illustrated embodiment, the preliminary- 
ionization source 1 25 uses spark-discharges to produce 
pulsed light emissions. Other discharge sources, such 
as corona discharges; may be used in the preliminary- 
ionization source 1 25. Further, the preliminary ionization 
may be accomplished using a continuous, rather than a 
pulsed, source. For instance, an excimer laser or RF (ra- 
dio frequency) source may be used. If a continuous 
source is utilized, the inside of the capillary 101 is ion- 
ized and electric discharges commence upon the select- 
ed capillary being moved to the discharge position. 
Thus, there is no need to synchronize the preliminary- 
ionization source 125 with the motion of the rotary plate 
100. 

[0036] FIGS. 4(A) and 4(B) show an X-ray generator 
according to a third representative embodiment. Al- 
though the discharge units 297 of the X-ray generator 
295 have a different structure than the discharge units 
of the second embodiment shown in FIG. 2, the opera- 
tion of X-ray generator 295 is substantially identical to 
that of the X-ray generator 95 in FIG. 2. In the embodi- 
ment of FIGS. 4(A)-4(B), a disc 311 and a rotary axis 

302 are made of an insulating material, such as ceramic. 
Because the disc 31 1 and the rotary axis 302 are electric 
insulators, they may be mounted directly to the vacuum 
chamber 308 and the container 31 7 via magnetic-fluid- 
seal units 313, 31 5. Multiple sections of conductive film 

303 (e.g., goid-coated film) are affixed to the outer face 



of the disc 31 1 such that each section of conductive film 
is electrically connected to a respective ring anode 
299a. As shown in FIG. 4(B), each section of conductive 
film 303 extends radially from the respective ring anode 

5 299a to the outer edge of the disc 31 1 . 

[0037] A contact shoe 305 (shown in the upper sec- 
tions of FIGS. 4(A) and 4(B)) is electrically connected 
to the positive side of a high-voltage power supply (not 
shown). The contact shoe 305 extends through the wall 

io of the vacuum chamber 308 through a cover 307. A dis- 
tal end of the contact shoe 305 is brought into slidable 
contact with the respective conductive film 303 of a se- 
lected capillary 298 whenever the capillary is moved into 
the discharge position. Because the respective conduc- 
es tive film 303 is electrically connected to the ring anode 
299a of the selected capillary 298, the current supplied 
from the high-voltage power supply to the contact shoe 
305 is applied to the ring anode 299a. A respective ring 
cathode 299c for each capillary 298 is electrically con- 

20 nected to a disc 309 (shown on the right side of FIG. 4 
(A)) that is parallel to the disc 311. The disc 309 is made 
of copper and is electrically grounded as in the second 
embodiment. This configuration allows current to be ap- 
plied selectively only to a specific capillary. Therefore, 

25 the risk that a capillary other than the desired capillary 
will discharge is minimized, even if an unexpected prob- 
lem occurs (e.g., electrical conduction due to suspend- 
ed fine metal particles orthe like). Additionally, because 
an electric discharge occurs only in the selected capil- 

30 lary 298 to which current is supplied, there is no need 
for a preliminary-ionization source (but a preliminary- 
ionization source can be used if desired). If a prelimi- 
nary-ionization source is used, power-supply units and 
circuits used for the preliminary-ionization source can 

35 be separate from the power-supply units or circuits used 
to produce the electric discharges in the capillaries. Al- 
ternatively, the power-supply units and circuits can be 
configured as part of a single discharge circuit. 
[0038] FIG. 5 is a circuit diagram showing an exem- 

40 plary discharge circuit that also provides power for a pre- 
liminary-ionization source. In the circuit shown in FIG. 
5, a discharge unit 410 comprises a capillary discharge 
X-ray source. Specifically, the discharge unit 410 com- 
prises a capillary 407, a ring anode 408a, and a ring 

45 cathode 408c. The ring anode 408a and the ring cath- 
ode 408c are located at respective ends of the capillary 
407. FIG. 5 shows only a single capillary 410, but mul- 
tiple capillaries may be connected to the discharge cir- 
cuit in accordance with the principles described above. 

50 The DC power supply 400 charges a capacitor 402 
through an inductor 401 . Once the capacitor 402 is 
charged to a prescribed threshold, a thyristor 403 may 
be triggered, thereby causing a rapid increase in the 
electrical potential across a pair of electrodes 404, 405. 

55 Consequently, a potential difference is created across 
the electrodes 404, 405, which together form spark elec- 
trodes 412. The spark electrodes 412 are used as the 
preliminary-ionization source. When the potential differ- 
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ence between the spark electrodes 412 exceeds a 
threshold value, an electric discharge arcs across the 
electrodes. The discharge causes the electrical charge 
stored in the capacitor 402 to move to the capacitor 406 
connected to the electrode 405. The UV and X-ray ra- s 
diation emitted by the discharge between the electrodes 
404, 405 strikes a target gas in the capillary 407, the 
inner walls of the capillary, and the ring electrodes 408. 
As a result of the irradiation, the target gas becomes 
iorized. 10 
[0039] A saturable reactor 409 is coupled between the 
spark electrodes 412 and the discharge unit 410. The 
reactor 409 is configured so that it becomes saturated, 
and thus its inductance reduced, once the capacitor 406 
is charged and the voltage across the capacitor reaches 15 
its maximum. When the voltage across the capacitor 
406 reaches maximum, the saturable reactor 409 be- 
comes saturated, its inductance declines, and current is 
applied to the ring electrodes 408 of the capillary 407. 
The ring electrodes 408 cause an electric discharge in 20 
the capillary 407 that generates a plasma that emits the 
desired X-ray radiation. This circuit design simplifies the 
preliminary-ionization system and automatically con- 
trols the timing between the preliminary-ionization 
source and the electric discharge between the elec- 25 
trades of the capillary 407. In an alternative embodi- 
ment, the saturable reactor 409 is omitted. In other al- 
ternative embodiments, the thyristor403 is replaced by 
any of various other suitable switching devices, such as 
a GBIT or FET semiconductor or a thyratron. 30 
[0040] In the type of discharge circuit shown in FIG. 
5, the inductance of the discharge unit 41 0 should be as 
low as possible during discharge in order to avoid un- 
stable discharges. Thus, the distance between the ca- 
pacitor 406 and the discharge unit 41 0 should be mini- 35 
mized. One method for minimizing the distance between 
the capacitor 406 and the discharge unit 41 0 is to locate 
the capacitor on a movable structure to which the dis- 
charge unit is coupled. 

[0041] FIGS. 6(A)-6(B) depict a fourth representative 40 
embodiment wherein a discharge unit and a capacitor 
are mounted together onto a movable structure. A dis- 
charge unit 51 7 is situated on a rotary plate 500 in the 
manner described above with respect to FIG. 3. Further, 
the discharge circuit illustrated in FIG. 5 may be used to 45 
control operation of the discharge unit 517. The rotary 
plate 500 is a hollow body comprising a first disc 501 
and a second disc 502. The discs 501 , 502 are respec- 
tive flat disc-shaped plates positioned opposite of and 
parallel to one another. The discs 501 , 502 are connect- so 
ed to each other by a "ring wall- (ring-shaped wall) 519, 
extending perpendicularly from the outer periphery of 
the discs. The discs 501 , 502 are made of a conductive 
metal, such as copper. Rotary axes 503, 504, which ex- 
tend from the respective discs 501 , 502, are also made 55 
of a conductive metal. The ring wall 519 is made of an 
insulatrve material, such as ceramic (e.g., SiC). A ring 
anode 51 5a of each capillary 505 is electrically connect- 



ed to the second disc 502, whereas a ring cathode 51 5c 
is electrically connected to the first disc 501 . The first 
disc 501 is electrically grounded through the rotary axis 
503. 

[0042] The poles on one side of capacitors 506 are 
concentrically arranged and coupled to the outer face of 
the first disc 501 . The poles on the other side of the ca- 
pacitors 506 are electrically connected to a ring-shaped 
metallic component 507 that is electrically insulated 
from the rotary axis 503. A spark-electrode pin 508 ex- 
tends from the metallic component 507 to a space near 
the ring cathode 515c but exterior to the capillary 505. 
A ring-shaped insulator material 509 is disposed along 
the outer edge of the first disc 501 . A metallic component 
51 0 is attached to the distal face of the insulator material 
509 at a position radially outward of each capillary 505. 
The metallic component 510 is attached across the 
width of the ring-shaped insulator material 509 and ex- 
tends to the circumference of the disc 501 . A spark-elec- 
trode pin 51 1 extends from the metallic component 510 
to near the ring cathode 515c but exteriorly to the cap- 
illary 505. Thus, the spark-electrode pins 508, 511 both 
terminate in a space exterior to each ring cathode 515c 
and are separated from one another by a prescribed dis- 
tance. 

[0043] A saturable reactor 51 4 is positioned at the ra- 
dial edge of the rotary plate 500 and separated from the 
edge by a prescribed distance. A first spring electrode 
513 (e.g., a contact shoe) extends from one pole of the 
saturable reactor 514 and slidably contacts the second 
disc 502, which is electrically connected to the ring an- 
odes 515a. A second spring electrode 512 (e.g., a con- 
tact shoe) extends from the other pole of the saturable 
reactor 514 and slidably contacts the metallic compo- 
nent 510, which is located on the same side of the rotary 
plate 500 as the ring cathodes 515c. The spring elec- 
trodes 512, 513 are positioned so that they only provide 
an electrical current to the electrical components asso- 
ciated with the selected capillary 505 in the discharge 
position. 

[0044] The operation of the fourth embodiment is as 
follows. A motor (notshown) rotates the rotary plate 500. 
As a capillary 505 is moved into the discharge position, 
the thyristor 403 in the discharge circuit of FIG. 5 is trig- 
gered. The charge stored in the capacitor 402 of FIG. 5 
then moves to the spark-electrode pin 511 (shown at 
404 in FIG. 5) via the second spring electrode 512 and 
the metallic component 510. Electric discharges are 
produced between the spark-electrode pin 511 and the 
spark-electrode pin 508 (shown at 405 in FIG. 5). The 
charge is then transmitted to and stored in the capaci- 
tors 506 (shown at 406 in FIG. 5). The inductance of the 
saturable reactor 514 then decreases and the capaci- 
tors 506 discharge, causing another electrical discharge 
across the spark-electrode pins 508, 51 1 . The charge is 
transferred through the saturable reactor 51 4 to the ring 
anode 515a of the capillary 505 (shown at 407 in FIG. 
5). The charge of the ring anode 51 5a causes an electric 
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discharge to occur within the capillary 505, which pro- 
duces a plasma that emits X-ray radiation. Because the 
second spring electrode 512 is fixed at one position 
around the radial edge of the rotary plate 500, prelimi- 
nary ionization only occurs in the capillary 505 coupled 
to the metallic component 5 1 0 in contact with the second 
spring electrode 512. 

[0045] In order to ensure that an electric discharge on- 
ly occurs in the capillary located in the discharge posi- 
tion, insulating partitions may be used to isolate the 
spark-electrode pins 508, 511 used during preliminary 
ionization. The insulating partitions prevent UV and X- 
ray radiation emitted during discharges across the 
spark-electrode pins 508, 51 1 from irradiating adjacent 
capillaries 505. Alternatively, in order to more reliability 
restrict the discharges, the area around each spark- 
eiectrode pin 508, 511 may be covered with an insulat- 
ing cover. The inner wall of the cover may be mirrored 
so that the radiation emitted can be partially redirected 
toward the respective capillary. Thus, the overall effi- 
ciency of preliminary ionization can be enhanced. 
[0046] In the illustrated embodiment, the capacitors 
506 attached to the first disc 501 are electrically con- 
nected in parallel through the metallic component 507. 
Other electrical configurations, however, are possible. 
For instance, any number of capacitors (e.g., one or two) 
can be connected to a single spark-electrode pin 508. 
[0047] In the illustrated embodiment, a current flows 
through the spark-electrode pins 508, 511 whenever the 
capacitor 506 is charged by the discharge of the capac- 
itor 402 (FIG. 5) and whenever the inductance of the 
saturable reactor 514 drops. The current is typically 
large enough to cause the spark-electrode pins 508, 51 1 
to melt if the circuit were operated for an extended pe- 
riod of time. Melting of the spark-electrode pins 508, 511 
can result in an increase in the distance between the 
pins, thereby increasing the potential for unstable dis- 
charges. Additionally, melting of the pins 508, 511 may 
cause metallic powder to be released inside the cover, 
potentially causing unexpected electric discharges. 
Thus, a separate capacitor may be used only for prelim- 
inary ionization. If the circuit is configured in this manner, 
the capacitance of the capacitor used for preliminary 
ionization may be substantially smaller than the capac- 
itance of the capacitor used for the main discharge. Con- 
sequently, the current flowing between the spark-elec- 
trode pins 508, 511 will be smaller and deterioration of 
the pins caused by the current flow substantially re- 
duced. 

[0048] FIGS. 7(A)-7(B) show exemplary circuit dia- 
grams for discharge circuits in which separate capaci- 
tors for preliminary ionization are provided. The circuits 
shown in FIGS. 7(A)-7(B) are substantially similartothe 
discharge circuit shown in FIG. 5. In FIG. 7(A), a capac- 
itor 602 used for preliminary ionization is connected be- 
tween a thyristor 600 and spark electrodes 620. When- 
ever the thyristor 600 is triggered, the charge stored in 
a capacitor 601 is transferred to the capacitor 602. The 



charge of the capacitor 602 also causes the electric po- 
tential of the spark-electrode pin 603 to increase. When- 
ever the potential of the capacitor 602 exceeds a thresh- 
old value, an electric discharge is produced between the 

5 spark-electrode pins 603, 604, thereby charging the ca- 
pacitor 605. Whenever the potentials of the capacitors 
602, 605 reach a maximum, a saturable reactor 606 be- 
comes saturated. The charge stored in the capacitors 
602, 605 then flows through the saturable reactor 606 

io to the electrodes of the capillary 607 and produces an 
electrical discharge in the capillary. Most of the current 
in the discharge is from the charge stored in the capac- 
itor 602. Thus, the current between the spark-electrode 
pins 603, 604 can be sufficiently low to prevent damage 

15 to the pins. 

[0049] In FIG. 7(B), an electrode 609 is positioned op- 
posite a cathode 61 4c at the exterior of a capillary 608. 
The electrode 609 desirably is made of a metallic mesh 
and is electrically grounded. A flat metallic plate 611 is 

20 disposed opposite the mesb electrode 609. An insulator 
plate 610 is positioned between the plate 611 and the 
mesh electrode 609. The insulator plate 610 may be 
made, for instance, from a ceramic. The metallic plate 
611 is coupled to a capacitor 612. The configuration of 

25 the mesh electrode 609, the insulator plate 61 0, and the 
metallic plate 611 creates a low-capacitance capacitor 
615. Whenever a thyristor 61 3 is triggered, current flows 
to the capacitor 612 and to the metallic plate 611 , there- 
by charging the capacitors 61 2, 61 5. Whenever the ca- 

30 pacitor 615 has been charged to a threshold value, a 
corona discharge is produced between the mesh elec- 
trode 609 and the insulator plate 61 0, producing UV and 
X-ray radiation. The resulting beams irradiate the inte- 
rior of the capillary 608 and ionize the target gas inside 

35 the capillary 608. A main electrical discharge is then pro- 
duced in the capillary 608. In contrast to spark discharg- 
es, corona discharges produce only small amounts of 
fine particles and impure gases, thereby prolonging the 
life of the preliminary-ionizatlon source and reducing the 

*o number of impurities that can impair operation of optical 
components within the vacuum chamber. 
[0050] In the illustrated embodiment the mesh elec- 
trode 609 is used as a cathode of the low-capacitance 
capacitor 615. However, the mesh electrode 609 may 

45 also be used as the anode of the capacitor 615, in which 
case the mesh electrode should still be positioned near 
the capillary 608. 

[0051 ] FIG . 8 depicts an X-ray generator according to 
a fifth representative embodiment. Unlike the embodi- 

50 ments described above, wherein the X-rays are emitted 
from a fixed position, the fifth representative embodi- 
ment is an X-ray generator capable of emitting X-rays 
simultaneously from a plurality of positions. In FIG. 8, a 
discharge unit 705 has a structure substantially similar 

55 to a discharge unit as shown in FIG. 4(B), except that a 
ring anode 704a may contact multiple contact shoes 701 
supplying a discharge current. A conductive film 702 (e. 
g., a gold-coated film) is formed on the surface of a ro- 
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tary plate 700. The conductive film 702 is electrically 
connected to the ring anode 704a of a capillary 703 and 
extends in an outward radial direction to the edge of the 
rotary plate 700. In FIG. 8, the three contact shoes 701 
are connected to a high-voltage power supply (not s 
shown) and contact the conductive film 702 of the cap- 
illaries whenever the three capillaries 703 are moved in- 
to their respective discharge positions. Thus, in the il- 
lustrated embodiment, preliminary ionization only oc- 
curs in the three capillaries 703 electrically connected w 
to the three respective contact shoes 701 via the con- 
ductive film 702. 

[0052] Each capillary 703 may be associated with a 
single preliminary-ion ization source. Alternatively, mul- 
tiple capillaries may share a single preliminary-ion iza- 
tion source. If one preliminary-ion ization source is uti- 
lized per capillary, sources having a compact size (e.g., 
sources using spark-electrode pins) should be used. If 
one preliminary-ion ization source is shared among mul- 
tiple capillaries, sources having a large emission area 20 
(e.g., RF-discharge or corona-discharge sources) 
should be used. If multiple discharge units are to be dis- 
charged simultaneously, it may be difficult to produce 
simultaneous emissions using a single power source. 
Thus, individual energy storage units may be provided 25 
for each discharge unit. 

[0053] In the illustrated embodiment, the capillaries in 
which discharges occur are all located adjacent to one 
another. Other discharge configurations, however, are 
possible. For instance, the X-ray generator can be con- 30 
figured so that discharges occur from non-adjacent cap- 
illaries (e.g., every other capillary or every third capil- 
lary). 

[0054] FIG. 9 shows an X-ray microlithography appa- 
ratus 795 according to a sixth representative embodi- 35 
ment. The depicted X-ray microlithography apparatus 
795 (e.g., an X-ray stepper) comprises an X-ray gener- 
ator 800, an illumination-optical system 804, and a pro- 
jection-optical system 806. The illumination-optical sys- 
tem 804 and the projection-optical system 806 are typ- 40 
ically enclosed in a vacuum chamber 803, in which also 
are placed a reflective reticle 805 and a wafer 807. 
[0055] The X-ray generator 800 shown in FIG. 9 is 
similar to the X-ray generator of the second embodiment 
(FIG. 2), but any of the X-ray generators described 45 
above alternatively may be used. In the illustrated em- 
bodiment, the X-ray generator 800 uses xenon as the 
target gas. The X-ray emission window of the X-ray gen- 
erator 800 is aligned with the vacuum chamber 809, in 
which the illumination-optical system 804 and the pro- so 
jection-optical system 806 are housed. A filter 802, pro- 
vided on the X-ray-emission window, acts as a pressure- 
separation wail between the vacuum chamber 808 of 
the X-ray generator and the vacuum chamber 809 of the 
exposure system 803. 55 
[0056] The illumination-optical system 804 is posi- 
tioned along the discharge axis of the X-ray generator 
800. The X-rays 801 emitted from the selected dis- 



charge unit in the discharge position of the X-ray gen- 
erator 800 are directed through the filter 802 and into 
the illumination-optical system 804. The illumination-op- 
tical system 804 comprises at least one multilayer-film 
mirror that only reflects X-rays of certain wavelengths. 
The mirror may be coated, for instance, with a Mo/Si 
multilayer film that reflects X-rays having a wavelength 
near 13.4 nm. The illumination-optical system 804 also 
shapes the X-rays into an X-ray beam that illuminates 
an arc-shaped region on a reflective reticle 805. The re- 
flective reticle 805 is configured so that, at each illumi- 
nation position, the X-ray intensity is at full numerical 
aperture (NA) for the system. The reflective reticle 805 
typically is configured as a muitilayer-fiJm mirror. The 
projection-optical system 806 demagnifies the image 
earned by the X-ray beam reflected from the reticle 805 
and focuses the image onto the wafer 807 or other suit- 
able substrate 807 coated with a suitable resist. The de- 
magnification ratio of the projection-optical system 806 
may be, for instance, five to one. During this process, 
patterns that are defined by the reflective reticle 805 (e. 
g., layers of an integrated circuit or other microelectronic 
device) are transferred to the resist. The projection-op- 
tical system 806 also comprises at least one mirror coat- 
ed with a multilayer film (e.g., Mo/Si). 
[0057] The X-ray generator 800 of the X-ray micro- 
lithography apparatus 795 desirably comprises multiple 
discharge units disposed on a rotary plate. The rotation 
of the rotary plate causes the sequential emission of X- 
rays from the discharge units. The ratio of discharges 
from an individual discharge unit to the number of total 
discharges from the X-ray generator is 1, where N is the 
number of discharge units on the rotary plate. Thus, in 
comparison to an X-ray generator using only one dis- 
charge unit, the X-ray generator of the present embod- 
iment has a higher repeat frequency, thereby improving 
overall system throughput. 

[0058] FIGS. 10(A)-10(C) depict an X-ray generator 
according to a seventh representative embodiment. In 
the seventh representative embodiment, the X-ray-dis- 
charge position is not fixed but is instead movable (e.g., 
in a scanning motion). The X-ray generator 895 shown 
in FIG. 10(A) issimilarto the X-ray generator of the sec- 
ond embodiment (FIG. 2). 

[0059] As shown in FIG. 10(B), discharge units 909 
may emit X-ray radiation across scanning area 901 . The 
scanning area 901 may correspond, for example, to an 
arc-shaped illumination area of the reflective reticle in 
the X-ray stepper. In this embodiment, the shape and 
size of the opening in the cover 905 and the X-ray-emis- 
sion window for the vacuum container are modified to 
correspond with the scanning area 901 . 
[0060] In the illustrated embodiment, a corona dis- 
charge is produced in the preliminary-ion ization source 
902. The emission area resulting from the corona dis- 
charge may be equal in size to the scanning area 901 . 
As noted above, a corona discharge has a broader 
emission area than a spark discharge and produces 
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fewer fine particles and impure gases. Thus the life of a 
preliminary-ionization source is prolonged and the 
number of impurities produced is minimized. 
[0061] Also included in the illustrated embodiment is 
a rotary screen 903. The rotary screen 903 is disposed s 
between the preliminary-ionization source 902 and a 
disc 900 of the rotary plate 899. The rotary screen 903 
may be made, for example, of aluminum. As shown in 
FIG. 10(C), four concentric openings 911 may be formed 
at equiangular intervals on the rotary screen 903. The 10 
rotary screen 903 and the disc 900 have substantially 
identical diameters, and the four openings 911 of the ro- 
tary screen 903 are concentrically aligned with the dis- 
charge units 909 of the disc 900. The rotary screen 903 
is coupled to a rotary axis 91 5 that surrounds the rotary is 
axis 913. The rotary axis 915 has the same axial center 
as the rotary axis 913, but has a larger diameter. The 
rotary axis 915 is equipped with a rotary-drive system 
904 (e.g., a motor) separate from the motor 91 7 used to 
drive the rotary axis 913. The rotary-drive system 904 20 
rotates the rotary screen 903 on the same axis as the 
rotary plate 899, but at a different rotational frequency. 
[0062] The X-ray generator 895 operates as follows, 
The rotary-drive system 904 rotates the rotary screen 
903 so that, when the selected discharge unit 909 is 25 
moved to the edge of the scanning area 901 , one of the 
openings 911 is axially aligned with the selected unit 
909. Preliminary ionization and X-ray emission then oc- 
curs. As the motor 91 7 rotates continuously, another dis- 
charge unit 909 is moved to a position in the scanning 30 
area 901 slightly shifted from the previous X-ray emis- 
sion position. The rotary-drive system 904 then rotates 
the rotary screen 903 so that another one of the open- 
ings 911 is axially aligned with the new discharge unit 
909 at the new position. Then, preliminary ionization and 35 
X-ray emission occur again. The respective rotational 
speeds of the motor 917 and the rotary -drive system 904 
may be set so that the desired timing is obtained and 
the scanning area 901 is scanned from edge-to-edge. 
The respective rotary speeds of the motor 917 and the *o 
rotary-drive system 904, however, need not be constant. 
Instead, the respective speeds can be varied to ensure 
the desired scanning motion through the scanning area. 
[0063] In the illustrated embodiment, the scanning ar- 
ea of the emission unit has a scale similar to that of the 45 
illumination area on the reflective reticle. Thus, the illu- 
mination-optical system can be configured to reduce the 
scanning area by only a small amount (e.g., one-half). 
Other relationships between the scanning area and the 
illumination area, however, may exist. Further, the struc- so 
ture of the illumination-optical system can be simplified 
because there is no need for providing a separate scan- 
ning mechanism in the system. 

[0064] In one alternative embodiment, the width of the 
scanning area (measured as a distance perpendicular 55 
to the scanning direction) may be larger than the size of 
the X-ray emission from the emission unit (measured as 
being approximately one-half the Inner diameter of the 



emission-unit capillary). In this case, a mechanism ca- 
pable of moving the discharge unit in the radial direction 
of the disc 900 may be provided. For instance, the entire 
X-ray generator 895 may be mounted on a linear stage 
and moved in a radial direction of the disc 900. Accord- 
ingly, the reflective reticle can be illuminated in both the 
scanning direction and in a direction perpendicular to 
the scanning direction. 

[0065] Although the discharge units of the illustrated 
embodiment are positioned concentrically on the rotary 
disc 900, they may have varying radial positions. Fur- 
ther, a mechanism that moves the rotary plate 899 in a 
direction along its rotary axis can be provided to correct 
for aberrations in the illumination-optical system. Addi- 
tionally, the X-ray generator 895 may be configured so 
that multiple discharge units produce simultaneous X- 
ray emissions within the scanning area. For instance, 
as is shown in FIG. 10(B), two or three discharge units 
may be used to produce simultaneous emissions in the 
scanning area 901 . Using simultaneous emissions can 
reduce the amount of time needed to scan the reflective 
reticle and improve throughput. 

[0066] In any of the above embodiments, various, dis- 
charge units other than a capillary X-ray source may be 
used. For instance, hollow cathode-type sources, Z- 
pinch-type sources, or plasma focus-type sources may 
be used. Additionally, mechanisms other than a prelim- 
inary-ionization source may be used to trigger the elec- 
tric discharges between the electrodes of the discharge 
units. For instance, any preliminary-ionization source 
creating a signal capable of ensuring the stable dis- 
charge of the discharge units may be used (e.g., the ap- 
plication of high-voltage pulses). Further, the X-ray gen- 
erators of the above embodiments may be configured 
such that the discharge units move in a non-rotary di- 
rection. For instance, the discharge units can be config- 
ured to move along a straight line or in a curved direc- 
tion. 

[0067] When operated for a long period of time, dis- 
charge units may exhibit unstable discharges due to the 
deterioration of electrodes. Consequently, the intensity 
of X-rays produced may decrease. Thus, it is desirable 
for the rotary plates of the above embodiments to be 
detachable from the X-ray generator. The discharge 
units can then be quickly replaced and the overall oper- 
ational efficiency of the X-ray source improved. The in- 
dividual discharge units may also be configured to be 
removable from the rotary plate. Thus, only the deterio- 
rated discharge units can be removed and replaced. As 
a result, the rotary plates can be reused and the overall 
running cost of the system reduced. 
[0068] Any of the above embodiments may also in- 
clude a detector (e.g., a photointerrupter type of rotary 
encoder) that monitors the rotational angle of the rotary 
plate. The detector may be used to maintain a fixed ro- 
tation angle and/or to provide feedback regarding the 
rotational speed of the rotary plate. Based on the rota- 
tional angle of the plate, the detector can be used to 
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trigger the preliminary ionization or main electric dis- 
charge of the discharge units. By synchronizing the ro- 
tational speed of the rotary plate with the preliminary ion - 
ization and electrical discharges, the accuracy and reli- 
ability of the X-ray generator can be optimized. 5 
[0069] FIG. 1 1 is a flow chart of steps in a process for 
manufacturing a microelectronic device such as a sem- 
iconductor chip (e.g., an integrated circuit or LSI de- 
vice), a display panel (e.g., liquid-crystal panel), 
charged-coupled device (CCD), thin-film magnetic w 
head, micromachine, for example. In step S1 , the circuit 
for the device is designed. In step S2 a reticle ("mask") 
for the circuit is manufactured. In step S2, local resizing 
of pattern elements can be performed to correct for prox- 
imity effects or space-charge effects during exposure. 15 
In step S3, a wafer is manufactured from a material such 
as silicon. 

[0070] Steps S4-S13 are directed to wafer-process- 
ing steps, in which the circuit pattern defined on the ret- 
icle is transferred onto the wafer by microlithography. so 
Step S1 4 is an assembly step (also termed a "post-proc- 
ess" step) in which the wafer that has been passed 
through steps S4-S13 is formed into semiconductor 
chips. This step can include, e.g., assembling the devic- 
es (dicing and bonding) and packaging (encapsulation 25 
of individual chips). Step S15 is an inspection step in 
which any of various operability and qualification tests 
of the device produced in step S14 are conducted. Af- 
terward, devices that successfully pass step S1 5 are fin- 
ished, packaged, and shipped (step S1 6). 30 
[0071] Steps S4-S13 also provide representative de- 
tails of wafer processing. Step S4 is an oxidation step 
for oxidizing the surface of a wafer. Step S5 involves 
chemical vapor deposition (CVD) for forming an insulat- 
ing film on the wafer surface. Step S6 is an electrode- 35 
forming step for forming electrodes on the wafer (typi- 
cally by vapor deposition). Step S7 is an ion-implanta- 
tion step for implanting ions (e.g., dopant ions) into the 
wafer. Step S8 involves application of a resist (expo- 
sure-sensitive material) to the wafer. Step S9 involves 40 
microlithographically exposing the resist using X-rays to 
imprint the resist with the reticle pattern of the reticle 
produced in step S2. In step S9, an X-ray generator or 
exposure method as described above can be used. Step 
S11 involves developing the exposed resist on the wa- 45 
fer. Step S1 2 involves etching the wafer to remove ma- 
terial from areas where developed resist is absent. Step 
S 1 3 involves resist separation, in which remaining resist 
on the wafer is removed after the etching step. By re- 
peating steps S4-S1 3 as required, circuit patterns as de- so 
fined by successive reticles are formed superposedly on 
the wafer. 

[0072] Whereas the invention has been described in 
connection with multiple representative embodiments, 
it will be understood that the invention is not limited to 
those embodiments. On the contrary, the invention is in- 
tended to encompass all modifications, alternatives, 
and equivalents included within the spirit and scope of 



the invention, as defined by the appended claims. 
[0073] The features disclosed in the foregoing de- 
scription, in the claims and/or in the accompanying 
drawings may, both separately and in any combination 
thereof, be material for realising the invention in diverse 
forms thereof. 



Claims 

1. A radiation-generating device, comprising: 

a movable substrate; and 
multiple discharge units mounted to the mova- 
ble substrate, each discharge unit having re- 
spective first and second electrodes situated 
relative to each other such that a current flow- 
ing between the first and second electrodes 
forms a plasma from a target gas situated be- 
tween the electrodes and causes the plasma to 
emit radiation, 

wherein the movable substrate is controllably 
movable such that a selected one of the multiple 
discharge units is moved into a discharge position. 

2. A device according to Claim 1 , wherein the radiation 
is X-ray radiation. 

3. A device according to Claim t or 2, further compris- 
ing a synchronization mechanism coupled to the re- 
spective first and second electrodes of the multiple 
discharge units, the synchronization mechanism 
being configured to control a timing with which the 
discharge units are energized so that only a select- 
ed discharge unit is energized at the discharge po- 
sition. 

4. A device according to any preceding claim, wherein 
the substrate is electrically grounded and electrical- 
ly coupled to one of the respective first and second 
electrodes of the multiple discharge units. 

5. A device according to any preceding claim, further 
comprising: 

an X-axis stage to which the movable substrate 
is mounted, the X-axis stage being configured 
to move the substrate along an X-axis; and 
a Y-axis stage to which the movable substrate 
is mounted, the Y-axis stage being configured 
to move the substrate along a Y-axis. 

6. A device according to any preceding claim, com- 
prising multiple preliminary-ionization sources cou- 
pled to the movable substrate, a selected one of the 
multiple preliminary ionization sources being situat- 
ed relative to the selected discharge unit at the dis- 
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charge position such that the selected preliminary- 
ionization source energizes the target gas in the se- 
lected discharge unit. 

7. A device according to Claim 6, wherein the selected 5 
preliminary-ionization source provides preliminary 

for multiple discharge units simultaneously. 

8. A device according to any one of Claims 1 to 5, com- 
prising a preliminary-ionization source positioned 10 
adjacent the movable substrate and facing the dis- 
charge axis, the preliminary-ionization source being 
configured to energize the target gas in the selected 
discharge unit at the discharge position. 

15 

9. A device according to Claim 8, further comprising a 
discharge circuit connected to the electrodes and 
to the preliminary-ionization source, the discharge 
circuit being configured to delay delivery of current 

to the electrodes of the selected discharge unit until 20 
after the preliminary-ionization source preliminarily 
has energized the target gas in the selected dis- 
charge unit. 

10. A device according to Claim 8 or 9, wherein the pre- 25 
liminary-ionization source utilizes a spark dis- 
charge. 

11 . A device according to Claim 8 or 9, wherein the pre- 
liminary-ionization source utilizes a corona dis- 30 
charge. 

12. A device according to Claim 8 or 9, wherein the pre- 
liminary-ionization source utilizes a continuous dis- 
charge. 35 

13. A radiation-generating device, comprising: 

multiple movable substrates; and 
a respective at least one discharge unit at- 40 
tached to each of the multiple movable sub- 
strates, each discharge unit having respective 
first and second electrodes situated relative to 
each other such that a current flowing between 
the electrodes forms a plasma from a target gas 
situated between the electrodes and causes 
the plasma to emit radiation, 

wherein the movable substrates are contra I- 
labfy movable such that a selected one of the mul- so 
tiple discharge units is moved into a discharge po- 
sition. 

14. A device according to Claim 13, wherein the radia- 
tion is X-ray radiation. ss 

15. A device according to Claim 13 or 14, further com- 
prising a synchronization mechanism coupled to 



the respective first and second electrodes of the 
multiple discharge units, the synchronization mech- 
anism being configured to control a timing with 
which the discharge units are energized so that only 
a selected discharge unit is energized at the dis- 
charge position. 

16. A device according to any one of Claims 13 to 15, 
further comprising multiple preliminary-ionization 
sources coupled to the multiple movable sub- 
strates; wherein a selected one of the multiple pre- 
liminary-ionization sources is situated relative to the 
selected discharge unit at the discharge position 
such that the selected preliminary-ionization source 
energizes the target gas in the selected discharge 
unit. 

1 7. A device according to Claim 1 6, wherein the select- 
ed preliminary-ionization source provides prelimi- 
nary ionization for multiple discharge units simulta- 
neously. 

18. A device according to any one of Claims 13 to 15, 
further comprising a preliminary-ionization source 
aligned with the discharge axis, the preliminary-ion- 
ization source being configured to energize the tar- 
get gas in the selected discharge unit at the dis- 
charge position. 

19. A device according to Claim 18, further comprising 
a discharge circuit connected to the electrodes and 
to the preliminary-ionization source, the discharge 
circuit being configured to delay delivery of current 
to the electrodes of the selected discharge unit until 
after the preliminary-ionization source has ener- 
gised the target gas in the selected discharge unit. 

20. A device according to Claim 18 or 19, wherein the 
preliminary-ionization source utilizes a spark dis- 
charge. 

21. A device according to Claim 18 or 19, wherein the 
preliminary-ionization source utilizes a corona dis- 
charge. 

22. A device according to Claim 18 or 19, wherein the 
preliminary-ionization source utilizes a continuous 
discharge. 

23. A radiation-generating device, comprising: 

a rotary plate that rotates about a rotation axis; 
and 

multiple discharge units coupled to the rotary 
plate, each discharge unit having respective 
first and second electrodes situated relative to 
each other such that a current flowing between 
the electrodes forms a plasma from a target gas 
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situated between the electrodes and causes 
the plasma to emit radiation, 

wherein the rotary plate is controllably rotata- 
ble such that a selected one of the multiple dis- 
charge units rotates into a discharge position. 

24. A device according to Claim 23, wherein the radia- 
tion is X-ray radiation. 

25. A device according to Claim 23 or 24, further com- 
prising multiple preliminary-ionization sources at- 
tached to the rotary plate, wherein a selected one 
of the multiple preliminary-ionization sources is sit- 
uated relative to the selected discharge unit at the 
discharge position such that the selected prelimi- 
nary-ionization source energizes the target gas in 
the selected discharge unit. 

26. A device according to Claim 25, wherein the select- 
ed preliminary-ionization source provides prelimi- 
nary ionization for two or more discharge units si- 
multaneously. 

27. A device according to Claim 23 or 24, further com- 
prising a preliminary-ionization source located ad- 
jacent a first side of the rotary plate and facing the 
discharge axis, the preliminary-ionization source 
being configured to energize the target gas in the 
selected discharge unit at the discharge position. 

28. A device according to Claim 27, further comprising 
a discharge circuit connected to the electrodes and 
to the preliminary-ionization source, the discharge 
circuit being configured to delay delivery of current 
to the electrodes of the selected discharge unit until 
after the preliminary-ionization source preliminarily 
has energized the target gas in the selected dis- 
charge unit. 

29. A device according to Claim 27 or 28, wherein the 
preliminary-ionization source utilizes a spark dis- 
charge. 

30. A device according to Claim 27 or 28, wherein the 
preliminary-ionization source utilizes a corona dis- 
charge. 

31. A device according to Claim 27 or 28, wherein the 
preliminary-ionization source utilizes a continuous 
discharge. 

32. A device according to any one of Claims 23 to 31 , 
wherein: 

the rotary plate comprises first and second 
discs positioned parallel to and opposite each 
other; 
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the first disc and the second disc are separated 
by a ring-shaped wall; and 
the multiple discharge units are positioned be- 
tween the first disc and second disc of the rotary 
plate. 

33. A device according to any one of Claims 23 to 31 , 
wherein the rotary plate defines a hollow interior, the 
device further comprising: 

a first rotary axis attached to a first side of the 
rotary plate, the first rotary axis extending out- 
wardly from the first side along the rotation axis 
and terminating at a first end; and 
a second rotary axis attached to an opposite 
second side of the rotary plate, the second ro- 
tary axis extending outwardly from the second 
side along the rotation axis in a direction oppo- 
site to the first rotary axis and terminating at a 
second end, 

the first and second rotary axes being config- 
ured to transport a fluid to the discharge units 
and being fluidly connected with the hollow in- 
terior of the rotary plate. 

34. A device according to Claim 33, further comprising: 

a pump fluidly connected to the first end of the 
first rotary axis; and 

a heat exchanger fluidly connected to the sec- 
ond end of the second rotary axis and to the 
pump, 

the pump being configured to continuously cir- 
culate the fiuid through the first rotary axis, the 
hollow interior of the rotary plate, the second 
rotary axis, and the heat exchanger 

35. A device according to Claim 34, wherein the fluid is 
a coolant. 

36. A device according to any one of Claims 33 to 35, 
further comprising a flow-straightener disposed 
centrally within the hollow interior of the rotary plate 
and having a diameter smaller than that of the rotary 
plate. 

37. A device according to any one of Claims 23 to 36, 
further comprising: 

a cover that defines a space enclosing at least 
a portion of the rotary plate and comprises a 
gas inlet; and 

a gas supply coupled to the gas inlet of the cov- 
er and configured to introduce the target gas 
into the space. 

38. A device according to Claim 37, wherein the cover 
defines a discharge opening at a portion of the cov- 
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er adjacent the discharge position. 

39. A device according to any one of Claims 23 to 38, 
wherein the discharge position is a discharge area 
across which the selected discharge unit can emit 5 
radiation in a scanning motion. 

40. A device according to Claim 39, further comprising 
a rotary cover, the rotary cover defining multiple 
openings disposed on a circte concentric with the 10 
rotary cover and being configured to move in a co- 
ordinated manner with the rotary plate such that ra- 
diation emissions from the multiple discharge units 

are in the scanning motion. 

15 

41. A device according to Claim 39 or 40, further com- 
prising a moving mechanism situated and config- 
ured for moving the selected discharge unit in a di- 
rection radial to the rotary plate. 

20 

42. A device according to Claim 39, further comprising 
a rotary cover, the rotary cover defining multiple 
openings disposed on a circle concentric with the 
rotary cover and being configured to move in a co- 
ordinated manner with the rotary plate such that a 25 
first discharge unit is preliminarily energized via a 
respective opening in the rotary cover to emit radi- 
ation, and a second discharge unit is preliminarily 
energized at a different position than the first dis- 
charge unit via a respective opening in the rotary 30 
cover to emit radiation, thereby producing consec- 
utive radiation collectively forming an emission re- 
gion similar to an illumination region of an illumina- 
tion-optical system. 

35 

43. A device according to any one of Claims 23 to 42, 
wherein the selected discharge unit is a first select- 
ed discharge unit arid the discharge position is a 
first discharge position, the rotary plate being fur- 
ther configured to move a second selected dis- *o 
charge unit to a second discharge position and to 
energize the second selected discharge unit simul- 
taneously with the first selected discharge unit. 

44. A device according to any one of Claims 23 to 43, 45 
further comprising a synchronization mechanism 
coupled to the electrodes of the multiple discharge 
units, the synchronization mechanism being config- 
ured to control a timing with which the multiple dis- 
charge units are energized so that only a selected so 
discharge unit is energized. 

45. A radiation-generating device, comprising: 

multiple discharge units, the discharge units 55 
having respective first and second electrodes 
situated relative to each other such that a re- 
spective current applied to a respective pair of 



first and second electrodes forms a plasma 
from a target gas situated between the pair of 
electrodes and causes the plasma to emit radi- 
ation; and 

means for supplying current to the respective 
pairs of electrodes in the discharge units in a 
sequential manner. 

46. A radiation-generating device, comprising: 

multiple discharge units, the discharge units 
having first and second electrodes situated rel- 
ative to each other such that a respective cur- 
rent supplied to a respective pair of first and 
second electrodes forms a plasma from a target 
gas situated between the pair of electrodes and 
causes the plasma to emit radiation; and 
a synchronization mechanism configured to 
control a timing with which the discharge units 
are energized so that only a selected one of the 
multiple discharge units is energized in a dis- 
charge position. 

47. A microlithography apparatus, comprising the radi- 
ation-generating device of any preceding claim. 

48. A microelectronic device manufactured by the ap- 
paratus of any preceding claim. 

49. A method for generating radiation, comprising: 

selecting a discharge unit from multiple dis- 
charge units mounted on a movable substrate; 
moving the movable substrate such that the se- 
lected discharge unit is in a discharge position; 
and 

energising the selected discharge unit suffi- 
ciently to cause the selected discharge unit to 
emit radiation. 

50. A method according to Claim 49, further comprising 
synchronizing the energization so that only the se- 
lected discharge unit in the discharge position is en- 
ergized. 

51 . A method according to Claim 49 or 50, further com- 
prising cooling the multiple discharge units by cir- 
culating a coolant through the movable substrate. 

52. A method according to any one of Claims 49 to 51 , 
further comprising energizing a target gas situated 
in the selected discharge unit with a preliminary-ion- 
Ization source. 

53. A method according to Claim 52, wherein the step 
of energizing the discharge occurs after the step of 
energizing the target gas. 
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54. A method according to any one of Claims 49 to 53, 
wherein the movable substrate is in continuous mo- 
tion. 

55. A method according to any one of Claims 49 to 54, 
wherein: 

the movable substrate is a rotary plate; and 
the step of moving the substrate comprises ro- 
tating the rotary plate such that the selected 
discharge unit is in the discharge position. 

56. A method according to any one of Claims 49 to 56, 
wherein the selected discharge unit is a first select- 
ed discharge unit and the discharge position is a 
first discharge position, the method furthercompris- 
ing: 

selecting a second discharge unit from the mul- 
tiple discharge units mounted on the movable 
substrate; 

moving the movable substrate such that the 
second selected discharge unit is in a second 
discharge position; and 

energizing the second selected discharge unit 
sufficiently to cause the second selected dis- 
charge unit to emit radiation. 

57. A method according to Claim 56, wherein the first 
and second discharge positions are the same. 
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A method according to Claim 56, wherein the first 
and second discharge positions are positioned 
along a scanning direction. 

A method according to Claim 58, further comprising 
the step of synchronizing the moving of the movable 
substrate such that the first and second selected 
discharge units are moved sequentially along the 
scanning direction. 



15 



20 



25 



sition; 

selecting a second discharge unit from at least 
one discharge unit mounted on a second mov- 
able substrate; and 

moving the second movable substrate such 
that the second discharge unit is in a second 
discharge position. 

62. A method according to Claim 61 , wherein the first 
and second movable substrates are in continuous 
motion. 

63. A method according to Claim 61 or 62, wherein the 
first and second discharge positions are the same. 

64. A method according to Claim 61 or 62, wherein the 
first and second discharge positions are situated 
along a scanning direction. 

65. A method according to Claim 64, further comprising 
the step of synchronizing the moving of the first and 
second movable substrates such that the first and 
second selected discharge units are moved se- 
quentially along the scanning direction. 
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A method according to any one of Claims 61 to 65, 
further comprising the step of synchronizing the 
moving of the first and second movable substrates 
such that the first and second discharge units are 
moved simultaneously into the respective first and 
second discharge positions. 
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60. A method according to any one of Claims 56 to 59, 
wherein: 



the first and second selected discharge units 45 
are simultaneously moved to the first and sec- 
ond discharge positions; and 
the first and second selected discharge units 
are energized in the respective first and second 
discharge positions. so 

61. A method for generating radiation, comprising: 

selecting a first discharge unit from at least one 
discharge unit mounted on a first movable sub- 55 
strate; 

moving the first movable substrate such that 
the first discharge unit is in a first discharge po- 
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